The energy content of food is calculated on the basis of general factors for fat, protein, and carbohydrates. These general factors were derived by W.O. Atwater in the late 19th century, while additional factors for dietary fiber, polyols, and organic acids were introduced more recently. These factors are applied indiscriminately to all types of foods, yet the same nutrient may be digested to different extents to generate energy, depending on the characteristics of the food matrix, the processing methods applied to foods, and the meal composition. As a consequence, the actual energy content of food may differ from what is theoretically calculated with the Atwater factors. In this review, the relationship of macronutrient digestibility with food structure, macronutrient structure, and food composition is examined, and the implications for the amount of energy achievable through diet are highlighted. Estimates of the discrepancy between calculated energy content and actual energy content are provided for different diets. The findings may have implications for consumer purchasing decisions as well as for the design of dietary interventions.
INTRODUCTION
The Nutrition Facts label on food packages is becoming an essential source of information for consumers. It provides information on the amounts of macronutrients, micronutrients, and energy in food products. 1 Many consumers trust the Nutrition Facts label and will choose to purchase a certain product on the basis of the information contained in the label, depending on the calorie content shown. 1 The calculation of the energy content of food refers to the amount of energy that the body is able to derive from the oxidation of food components. The energy content of food is therefore calculated by multiplying each energy-contributing food component by the corresponding heat of combustion. The highest value of energy achievable through food can be measured by using a bomb calorimeter, ie, by measuring the amount of energy released from the complete combustion of the food sample. However, in practice, only part of the energy-contributing component will be converted to energy because of incomplete digestion and, therefore, incomplete absorption in the gastrointestinal tract. In other words, the digestive system in humans is not as efficient an extractor of nutrients as is a bomb calorimeter.
Several studies have reported that the compositional and structural features of foods can drastically change the bioavailability of nutrients and, therefore, the true nutritional value of the final product, thereby having a significant effect on energy intake. 2 However, this evidence has not been fully applied to optimize the values of the Nutrition Facts. Therefore, consumers' choices can be influenced by uncorrected Nutrition Facts, particularly regarding certain types of food products.
The aim of this review is to claim the inaccuracy of the current Nutrition Facts and to provide scientific evidence substantiating the need to update them on the basis of new findings about the varying bioavailability of the macronutrients in different products. Table 1 3,4 demonstrates this concept by comparing the energy values and the nutrient composition of dry roasted almonds and chocolate-coated cookies. The Nutrition Facts show that 100 g of cookies contains 13% fewer calories than 100 g of almonds. The higher caloric value of almonds is attributable to the higher lipid content of almonds. Such a difference in calories may prompt consumers to choose the cookies rather than the almonds. However, several published studies show that the bioaccessibility of lipid in almonds is drastically reduced by the almond cell walls that hinder the release of intracellular lipid, [5] [6] [7] [8] [9] [10] and the actual caloric content of 100 grams of almonds has been recently calculated in vivo as 460 kcal, ie, significantly lower than that reported in the Nutrition Facts. 10 The bioaccessibility of lipid in baked products, such as cookies, has not yet been investigated. Nevertheless, this review will show that it can be assumed to be higher than that of lipid in nuts and seeds because bakery products are made with refined wheat flour and refined added fat, in which the typical cell structure of plant food is lost.
In this review, the nutrient availability and energy content of the main food categories are critically examined on the basis of the available knowledge about food structure and bioaccessibility. The Atwater factors, originally calculated to estimate the energy values of mixed diets, have important shortcomings in evaluating the energy content of foods because the gross energy content of dietary proteins, fats, and carbohydrates is not constant. Other chemical components of foods besides protein, fat, and carbohydrates contribute energy and may affect the energy content of foods. 11 In addition, several other characteristics of foods can affect the energy content, including food structure. In this review, the current approach of calculating the energy content of food and, in turn, of diets, is reconsidered, focusing on how the intrinsic characteristics of the food matrix affect macronutrient digestibility and on how food processing, especially heating, affects such characteristics.
How food energy is measured
It is generally accepted that food energy values should reflect the amount of available energy in foods for the human organism, although opinions about the definition of available energy differ. In the last decade, an intense debate was sparked on this, and different approaches were proposed to evaluate the available energy and, in turn, the energy factors of foods. Mainly, 2 approaches were proposed: (1) calculation of the metabolizable energy, which corresponds to the heat obtained after the complete combustion of food in a bomb calorimeter minus that lost in feces, urine, body surface, and combustible gases, and (2) calculation of net metabolizable energy, which takes into account that not all of the metabolizable energy is available for the production of adenosine triphosphate. According to the latter approach, some energy is utilized during metabolic processes associated with digestion, absorption, and intermediary metabolism of food, the so-called obligatory thermogenesis, and some is lost as the heat of microbial fermentation. 12 Thus, the net metabolizable energy represents the food energy available to the body after the heat produced during fermentation and obligatory thermogenesis has been deducted from the metabolizable energy.
All current systems used to calculate the energy content of foods are conceptually related to metabolizable energy. There are 3 systems currently in use, described below.
The Atwater general system. The Atwater system is based on a substantial number of human experiments performed more than 100 years ago in which individual foods or mixed diets were analyzed to obtain digestibility values of protein, fat, and carbohydrate for different foods and diets. Atwater recognized that the digestibility of the same nutrient would be different in different food categories, yet he arrived at single, average factors for each of the energy-yielding substrates (protein, carbohydrate, and fat), regardless of the food in which the substrate is found, by calculating a theoretical average digestibility for each energy-yielding substrate in a mixed diet. The energy values are 17 kJ/g (4 kcal/g) for protein, 37 kJ/g (9 kcal/g) for fat, 17 kJ/g (4 kcal/g) for carbohydrate, and 29 kJ/g (7 kcal/g) for alcohol. 13 As originally described by Atwater, the carbohydrate content of food is determined by difference (from the total weight, once protein, lipid, water, and ash contents have been determined) and thus includes fiber.
The Atwater extended system. This system was generated by adding some additional energy factors to those proposed by Atwater. For instance, a factor for available carbohydrate expressed as a monosaccharide (ie, 16 kJ/g or 3.75 kcal/g) was introduced, since it was recognized that carbohydrates have different weights, depending on whether they are complex or in the form of monosaccharides. Moreover, energy factors were included for dietary fiber (8 kJ/g or 2.0 kcal/g), 12 organic acids (13 kJ/g or 3.0 kcal/g), 14 and polyols (10 kJ/g or 2.4 kcal/g).
The Atwater specific factor system. This system is based on the re-examination of the Atwater system by Merrill and Watt 15 in 1955 and revisited in 1973. The system focuses on the differences in digestibility values as well as the differences in heat of combustions of the same nutrient in different foods and uses category-specific conversion factors for proteins, fats, and total carbohydrates (no difference is made between available carbohydrates and dietary fiber), considering foods from different food categories and mixed diets. The proposed wide coefficients of digestibility ranged from 20% to 97% for protein and from 32% to 98% for carbohydrate, whereas those for lipid were much narrower and ranged from 90% to 95%. 10 In the Atwater specific factor system, different energy factors of each nutrient from different foods are summarized in a set of tables. These factors ranged, for example, from 10.2 kJ/g (2.44 kcal/g) for some vegetable proteins to 18.2 kJ/g (4.36 kcal/g) for egg proteins, from 35 kJ/g (8.37 kcal/g) for fats in vegetable foods (eg, grains, legumes, fruit, and nuts) to 37.7 kJ/g (9.02 kcal/g) for fat in eggs, and from 5.6 kJ/g (1.33 kcal/g) for total carbohydrates in cocoa chocolate to 17.4 kJ/g (4.16 kcal/g) for total carbohydrates in polished rice. Such energy factors gave an accurate estimation of the available energy when applied to various diets containing foods of both animal and plant sources in both simple and more complex diets. 15 The largest differences in the calorie calculation between Merrill and Watt's system 15 and the Atwater general system were reported for those diets in which foods of plant origin predominated. Moreover, when Merrill and Watt 15 grouped foods into a few large categories and calculated the average coefficients of digestibility and energy factors for protein, fat, and carbohydrate of each of these groups, they found that the energy factors were 4.00 kcal/g, 8.92 kcal/g, and 3.97 kcal/g for protein, fat, and carbohydrate, respectively. These factors, if rounded to simple whole numbers, are the same as those of the Atwater general system, which is probably why the use of the Atwater specific factors proposed by Merrill and Watt 15 has never been fully implemented. The major differences between net metabolizable energy factors and metabolizable energy factors are evident when the energy content of 3 food components is estimated: (1) protein, for which the factor is 13 kJ/g (3.2 kcal/g) for net metabolizable energy, compared with 17 kJ/g (4 kcal/g) for metabolizable energy, a difference attributable to the fact that the thermogenesis due to ingested proteins exceeds that due to ingested carbohydrate over 24 hours or more; (2) dietary fiber, for which the factor is 6.2 kJ/g (1.5 kcal/g) for net metabolizable energy compared with 8 kJ/g (2.0 kcal/g) for metabolizable energy, a difference attributable to the energy lost through the heat of fermentation; and (3) alcohol, for which the value is 26 kJ/g (6.3 kcal/g) for net metabolizable energy compared with 29 kJ/g (7 kcal/g) for metabolizable energy, a difference attributable to the thermogenesis that occurs following the ingestion of alcohol.
As a consequence, the greatest discrepancy between energy values calculated using the metabolizable energy approach and those calculated using the net metabolizable energy conversion factors will be found when calculating values for diets and foods rich in proteins and fiber as well as for foods of low energy density. 16 Although metabolizable energy factors are generally used for calculating the energy values of foods, different methods have been adopted by the regulatory agencies of different countries, resulting in nutritional facts that differ according to various nutritional advisory bodies and geographical areas. 
FACTORS AFFECTING THE DIGESTION OF MACRONUTRIENTS
Despite what some minor compounds (polyols or organic acids, for instance) may contribute, the actual caloric content of foods depends mostly on how much of the ingested proteins, lipids, and carbohydrates are absorbed by the small intestinal epithelium. Macronutrients must be hydrolyzed into smaller products before they can be absorbed by the intestinal epithelium. This process can be very efficient, with more than 90% of the hydrolysis products from macronutrients being absorbed in the upper intestine. However, the amount of macronutrients that escape digestion may be very large for certain foods or diets. Three specific factors regulate the digestion of macronutrients after the consumption of food: (1) the natural structural barriers to the digestion of macronutrients, ie, the food matrix; (2) the structural organization of macronutrients; and (3) the dietary components that interfere with digestive processes. These factors are shown schematically in Figure 1 . The first and most important factor is represented by structural barriers, which prevent or delay the encounter between macromolecules and digestive enzymes ( Figure 1, panel A) . In plant-based foods, this structural barrier comprises the continuous network of cell walls. The cell wall provides mechanical resistance, support, and protection to the plant cell. Since cell walls are made of nondigestible polysaccharides (commonly known as dietary fiber), they remain largely unaffected during digestion. If cells remain intact at the moment of swallowing, intracellular macronutrients can come in contact with digestive enzymes only if the cell wall's pore size is large enough (Figure 1, panel A1 ). This will hinder or delay their digestion. So, it is clear that the degree of integrity of the food matrix at the moment of swallowing strongly affects the digestibility of macronutrients in plant foods. In other words, the degree of integrity of plant cells largely determines the kinetics and the extent of macromolecular digestion and, hence, the caloric content of plant foods. In processed foods, additional microstructural barriers may be introduced, such as a continuous network of gluten proteins in bread and pasta, which encapsulates starch granules, or a continuous network of casein protein in cheese, which encapsulates fat globules ( Figure 1 , panel A2).
The second factor is represented by the structural organization of macronutrients ( Figure 1, panel B) . In plant foods, starch, proteins, and fats are deposited in granules or bodies of varying size and structure, often tightly packed within the cells. Sometimes these structures are also protected by additional layers (eg, oleosins proteins in oil bodies). The size and the shape of these bodies and, in turn, the surface exposed to digestive fluids influence the digestion kinetics and the extent to which the bodies are digested. Apart from bodies and granules, macronutrients in food may form a vast array of structures that are digested through different kinetics. Proteins, for instance, may be found in food as random coil polymers, aggregates, networks (bread and pasta), fibers (meat and fish), gels (yogurt and cheese), emulsions, etc.
The third factor is represented by other dietary components that are simultaneously present in the digestive system and interfere with the digestibility of macronutrients ( Figure 1 , panel C). They may reduce digestibility in a variety of ways, as follows: (1) by interacting with macronutrients, thus shielding them from digestive enzymes; (2) by insolubilizing macronutrients, enzymes, or products of enzyme hydrolysis; (3) by inhibiting the catalytic activity of digestive enzymes; or (4) by modifying the colloidal properties of the bolus/chyme in such a way as to slow the hydrolysis of macromolecules, for instance, by stabilizing lipid emulsions or by increasing the viscosity of the digesta. Examples of such dietary components include dietary fiber in all plants, glucosinolates in brassica vegetables, trypsin inhibitors and hemagglutinins in legumes, phytates in cereals and oilseeds, gossypol in cottonseed, and tannins in several plant sources. 19 The following sections describe how the 3 abovedescribed factors may decrease the digestibility of each of the major macronutrients, ie, lipids, starch, and proteins.
Lipid digestion
In the absence of food structural barriers, free fat/oils are almost completely hydrolyzed by gastrointestinal secretions. However, emulsion properties (droplet size distribution, flocculation/coalescence, type of surfactant, etc) affect the rate of lipolysis. 20 In oilseeds, lipids are stored in oil bodies, which are covered by a thin layer of phospholipids and proteins. These proteins protect the oil bodies from coalescence during gastric digestion but are displaced by bile salts in the small intestine. In foods of plant origin, however, encapsulation within the intact cell wall can strongly reduce lipid digestibility. This has been repeatedly demonstrated in almonds. [5] [6] [7] [8] [9] [10] Mastication of almonds produces particles of variable size that contain intact cells. These particles pass relatively unaffected through the stomach and the small intestine, resulting in a remarkable amount of lipids that travel through the gastrointestinal tract encapsulated within intact cells that limit the extent of lipid digestion. It has been estimated that the actual caloric content of almonds is approximately 30% lower than that calculated on the basis of the Atwater general factors. 10 Assuming that only the fraction of lipids escaping from fractured cells at the moment of swallowing can be hydrolyzed in the small intestine and that the fraction of fractured cells can be theoretically calculated from the particle size distribution and cell size, the amount of bioavailable lipids from plant-based food can be predicted. 21 Solid and brittle nuts and seeds, which, upon mastication, exhibit a fracture behavior similar to that of almonds, are likely to produce particles of macroscopic size with a relatively high fraction of intact cells, ie, of inaccessible lipids. Indeed, it has been recently demonstrated that the actual metabolizable energy of walnuts is 21% lower than that theoretically calculated using the Atwater factors. 22 It is likely that the inaccessibility of lipids encapsulated in intact cells is also the mechanism behind the higher level of fecal fat measured in vivo after the consumption of intact peanuts compared with peanut butter or peanut flour. 23 Interestingly, pistachio nuts behave quite differently from almonds and walnuts, and the difference between the actual metabolizable energy and that calculated with the Atwater factors is only 5%, 24 which reflects a different mechanical behavior during mastication and a different share of inaccessible lipids. It is therefore quite clear that a variable amount of lipids in nuts and seeds is not digested, and this amount depends on both the physical properties of the nut/seed tissue and the chemical composition of the cell wall.
Lipid globules can also be incorporated into large protein structures or networks that may limit their accessibility to lipase. Cheese is a good example of this: caseins in coagulum consist of a network of casein micelles, which encapsulate fat globules, whereas the void spaces in the casein matrix are filled with the liquid milk serum, ie, a solution of lactose, minerals, and vitamins and a suspension of whey proteins. The accessibility of lipid droplets to lipase depends on the extent to which the droplets are embedded within the protein matrix, ie, the structure of the casein network and the size of the fat globules, so that degradation and the kinetics of fatty acids release are driven mainly by the physical characteristics of the cheese. 25 Early studies reported that the digestibility of fat in cheeses ranges from 88% to 94%. 26 A recent study in pigs shows that fecal fat excretion was 20 g/d higher after administration of regular-fat cheese than after administration of reduced-fat cheese and butter. 27 Despite a correlation between the amount of undigested lipids and the total amount of calcium in the diet (see next paragraph), the cheese matrix in which the fat was located also played a role, ie, fat in cheese is less accessible to lipase than fat in butter. Isocaloric diets containing an equal amount of lipids (and the same distribution of short-, medium-, and long-chain fatty acids) provided in the form of cheese or meat were associated with different levels of fat excretion. Fat excrection was higher with the cheese diet (5.8 g/d) than with the meat diet (4.9 g/d). Fecal excretion from both the cheese and the meat diets was higher than that from the carbohydrate-rich, low-fat control diet (3.9 g/d). 28 Dietary components can also affect the extent of lipid digestion. Calcium in the food or diet may affect lipid digestibility by precipitating free fatty acids as insoluble calcium soaps. A meta-analysis of human intervention studies demonstrated an increase in dietary fat excretion in the feces upon dietary supplementation with calcium, either from supplements or from dairy products. 29 It showed that a weighted-average increase in dairy calcium by 1241 mg/d produced an increase in fecal fat excretion of 5.2 g/d. This is equivalent to 47 kcal/d or 1.9 kg of body fat or 2.2 kg of body weight over 1 year. A diet rich in condensed tannins has also been shown to increase the excretion of lipid fecal fat. 30 This may be attributable to the inhibition of lipase or to the excretion of bile salts, resulting in destabilization of lipid emulsion and less fat absorption.
Starch digestion
Starch is the main source of carbohydrate in the diet. When encapsulated within intact cell walls, starch may be digested more slowly, mainly because its encapsulation within intact cells limits the access of a-amylase to starch. Starch that escapes digestion because it is physically inaccessible to amylase is usually referred to as type I resistant starch. In addition, starch encapsulated within intact cells may be only partially gelatinized during hydrothermal processes, making it less digestible. 31 Several studies reported that up to 15% of legume starch escapes digestion in the upper digestive tract because of physical inaccessibility or partial gelatinization, thus reaching the colon, where starch can be fermented by the colonic microbiota. The same may apply to cereals, but the amount escaping digestion in the upper tract will vary widely between different cereals, depending on the restriction to water and heat transfer imposed by the cell wall, which in turn affects starch gelatinization. 31 Studies in ileostomy patients have shown that starch encapsulated within intact cells is digested more slowly than free starch in wheat endosperm and has a beneficial effect on the management and prevention of diabetes. 31, 32 Accordingly, 17% of the starch from barley was not absorbed in the upper intestine of ileostomy patients when barley was provided as flaked particles of 3 mm in diameter rather than as flour. 32 Levels of starch escaping digestion were relatively higher for whole rice (average 3.1%) than for ground rice (0.7%). 33 In this respect, if the content of available carbohydrates is measured by difference and the method for quantification of dietary fiber does not capture type I resistant starch, the caloric content of the food may be overestimated. This is because a part of the unavailable starch would be classified as available carbohydrate. Moreover, some of the analytical procedures for the determination of dietary fiber consist of a milling step followed by very intense enzymatic hydrolysis. For instance, methods AOAC 2009.01 and 2011.25 (AACC methods 32-45.01 and 32-50.01), that have been recently adopted by Codex Alimentarius as a Type I methods comprise a grinding step of the food sample to obtain particles less than 0.5 mm in diameter. Grinding materials this finely results in a partial loss of the encapsulation effect on starch. This would result in a partial underestimation of the content of type I resistant starch when plant-based foods eaten whole are analyzed. To circumvent this issue, it would be advisable to replace milling/homogenization of the starchy sample with a gentle mincing or, even better, with a chewing-simulation step. Some currently used in vitro methods actually use real chewing by human volunteers rather than mechanical simulation of the oral step (see Table 1 in Woolnough et al. 34 ). Besides the cell wall, other structural barriers in food may limit the digestibility of starch. In bread, bakery products, and pasta, starch granules are embedded in a continuous protein network composed of glutenin and gliadin fractions. The presence of this surrounding network may affect starch digestibility. Jenkins et al. 35 reported that the amount of unabsorbed starch (measured as hydrogen in breath) after consumption of white bread was 14%. Notably, when the gluten network was removed, this value dropped to 7% and increased only slightly to 9% if the gluten was added back to the flour before baking. This clearly proves that the hydrolysis of starch is slowed not by the presence of gluten per se but by the network structure around the starch granules. The reduction of starch hydrolysis was confirmed in other studies. Wolever et al. 36 reported that, after consumption of white bread and wholemeal bread, starch lost in the feces was 11% and 8%, respectively. The effect of the natural gluten network on the degree of starch hydrolysis in wheat-flour-based products was recently confirmed in vitro. 37 It is not clear whether this effect stems from a limited accessibility of a-amylase to starch granules or from specific interactions between starch granules and gluten. Pores of the gluten network are large enough (0.5-40 mm in diameter) to allow a-amylase (10 nm in diameter) to diffuse freely to starch granules. 38 Nonetheless, amylase diffusion within the gluten network can be slowed by both the tortuosity of the network and the interactions of enzymes with gluten proteins. In pasta, starch granules are surrounded by a protein network even stronger than that in bread. More recently, the role of the gluten network in the hydrolysis of starch in pasta has been investigated in vitro. 39 Beside shielding starch from a-amylase, the gluten network also limits the transfer of water within the pasta strands during cooking, thus limiting the complete gelatinization of starch, especially at the core of the strand. However, so far, it is unknown whether the gluten network in pasta augments the level of unabsorbed starch in vivo.
In plants, starch is naturally stored in the endosperm of grains and tubers as granules of different size, shape, and structural organization. Granule size, shape, porosity, and level of crystallinity as well as the ratio between amylose and amylopectin all affect starch digestibility. Starch is much more susceptible to amylases when is in an amorphous rather than a (semi-) crystalline state. This is why gelatinized starch is much more digestible than raw starch. Gelatinization is a physical phenomenon that comprises absorption of water and swelling with disruption of the semicrystalline structure of the starch granule and leaching of amylose into the cooking medium. Starch granules are also associated with a varying amount of proteins, lipids, and other compounds (mainly phenolic compounds). These compounds may, in certain conditions, limit the accessibility of the granule to digestive enzymes or limit the extent of gelatinization upon hydrothermal treatments, thus reducing starch digestibility. Retrogradation of starch also results in the formation of starch fractions resistant to digestion in the upper intestine, known as type III resistant starch. Retrograded starch is captured by the analytical methods currently used for the determination of dietary fiber. However, retrograded starch formed during the storage of thermally treated starchy foods is not considered in energy calculations because the analyses are usually performed on the food as produced and not as consumed. Actually, cooked pasta, potato, and rice are less caloric if consumed the day after cooking, the severity of retrogradation being dependent on the storage conditions, mainly temperature. An increase in resistant starch is reported upon cooling of rice and potato after boiling. 33, 40 In ileostomy patients who consumed freshly cooked potatoes, only 3% of the starch was not hydrolyzed, whereas after consumption of cooled potatoes, 12% of the starch was recovered in the ileostomy effluent. 41 It is also likely that the amount of retrograded starch would be very high in ready-toeat foods subjected to prolonged storage, such as those produced for armed forces, in which up to 30% resistant starch has been measured. 42 Pancreatic amylase can be inhibited by a number of dietary factors with varying degrees of efficacy. Protein inhibitors of a-amylase occur widely in plants and have been long known. 43 The inhibition of pancreatic amylase and b-glucosidase by phenolic compounds is very well documented. Exhaustive reviews can be found elsewhere. 44, 45 More recently, dietary fiber has been shown to inhibit enzymes involved in carbohydrate digestion. Guar gum is able to form a complex with a-amylase that renders the enzyme inactive. 46 Similar specific inhibitory effects have been reported for cellulose against a-amylase 47 and for fucoidan (sulfated polysaccharide from brown algae) against a-amylase and b-glucosidase. 48 
Protein digestion
Analogous to how physical barriers affect the digestibility of starch and lipids, the structural barrier represented by the cell walls in plant foods may substantially reduce protein digestibility. However, compared with what is known about starch and lipid digestibility, much less is known about the effect of cellular integrity on protein digestibility, which calls for more research. An early report suggests that the in vitro digestibility of legume proteins can be as low as 50% when seeds are consumed whole. 49 A more recent report confirms that, in almonds, a large portion of protein goes undigested and that the fraction of digested proteins increases when the food matrix is finely ground. 8 Similar to the effect of milling on starch, the milling of cereals and legumes into flour would break down intact cell walls and increase the protein digestibility and, thus, the caloric content.
Proteins in food may occur in a variety of colloidal states and structural forms. Protein digestibility is affected by the structural organization of proteins and by the type of interaction between proteins. In plant food (eg, in intact grains or tubers), proteins occur as compact intracellular bodies of different size, shape, and composition. In other foods, proteins occur as fibrous structures (meat and fish), networks (bread and pasta), or micelles (dairy products) held together by covalent or noncovalent interactions. The nature and the extent of these interactions are very much affected by industrial and domestic processing, especially by heating, as examined in the next section. Differences in the shape and dimension of protein bodies may represent an important factor for the digestibility of proteins from cereals and legumes. A smart example was provided by studying the chemically induced sorghum mutant line, P721 opaque. 50 The protein bodies of this line are unusual, as they appear irregularly shaped when viewed with transmission electron microscopy, with invaginations seen in the structure instead of the spherical shape typical of sorghum. This sorghum mutant line showed a higher protein digestibility, likely because the body surface exposed to proteases is greater than that of regular protein bodies. 50 Protein gels obtained with different coagulants and structural properties may also show a different digestibility. In a model system of tofu composed of soy proteins, gelation obtained with covalent cross-links produced gels that are less digestible than those produced using an ionic gelation. 51 Of course, proteins may be inherently resistant to digestion by pepsin and trypsin because of their specific primary structure or ternary/quaternary structure. A typical example is provided by phaseolin, the main storage protein of beans (Phaseolus vulgaris). 52 Finally, a number of antinutritional factors may be present in plant-based foods that can hinder protein digestibility. Relatively high concentrations of antinutritional factors such as trypsin inhibitors, phytates, and hemagglutinins, may reduce the digestibility of legume proteins. 15 Brassica vegetables contain glucosinolates and their breakdown products, isothiocyanates. Isothiocyanates are strongly electrophilic compounds able to react with amino acids, peptides, and proteins to form a vast array of derivatives that may decrease dietary protein digestibility and biological value. 53 Polyphenols from different classes (flavonols, anthocyanins, proanthocyanidins, tannins) and different sources (berries, cocoa, tea) have been reported to have inhibitory activity against pancreatic proteases.
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EFFECT OF PROCESSING ON DIGESTIBILITY OF MACRONUTRIENTS
Food processing can substantially modify the structure and the composition of foods, thus affecting the digestion of macronutrients. 56 Table 2 . 5, [7] [8] [9] 23, [31] [32] [33] 41, 49, provides an overview of the effect of processing on macronutrient digestibility in different food categories. The processes of grinding, milling, pureeing, and homogenization destroy the natural integrity of plant material. They increase the digestibility of macronutrients, as described for nuts, seeds, legumes, tubers, and cereals. The same applies for processes like extrusion or flaking, which employ both heating and particle size reduction. In a similar fashion, milk homogenization can improve lipid digestibility by reducing the size of lipid globules, ie, by increasing the total surface area that comes into contact with pancreatic lipase. 83 Fermentation is another common preservation technique applied to both vegetal and animal foods. During fermentation, bacterial metabolism results in partial fermentation of dietary fiber (ie, the cell wall material), partial hydrolysis of macronutrients such as starch and proteins, and partial removal of antinutritional factors like phytates. Fermented products contain nutrients that are more available for absorption and thus may be more caloric than their unfermented counterparts. 70, 79 The next section focuses mainly on heating, which is universally applied to food products to make food microbiologically and to improve the sensory attributes of food.
Effect of heating on lipid digestibility
Frying oils are one of the main contributors of fat intake in modern Western diets. Foods are fried not only at home but also by caterers, and many industrially prepared foods are also fried. Heat treatments have a very complex effect on lipid digestibility. During frying, the elevated temperatures (> 150 C) cause modifications in the triglyceride structure, mainly oxidation of the double bonds of unsaturated fatty acids and dimerization/ polymerization of the oxidized intermediates. As a result, the polar fraction of frying oils/fats increases. There is some evidence that digestibility of fats/oils can decrease after severe heat treatment. Recently, it was reported that, in Wistar rats, the digestibility of thermally treated sunflower oil is up to 30% lower than that of fresh sunflower oil. 88 It is still unclear whether the reduced bioavailability of frying oils derives from the poor absorption of polar oxidation products or whether those oxidation products affect the catalytic activity of pancreatic lipase. The digestibility of lipids may also be altered by heating as a consequence of the physical damage of the original food structure. Thermal treatment may cause cells to swell, thereby damaging the cell walls that act as structural barriers to lipid digestion. When fed to mice, cooked peanuts provided a significantly higher amount of energy compared with raw peanuts. 57 It has been hypothesized that cooking may also denature oleosins, removing them from the surface of oil bodies and facilitating the access of lipase to lipids during subsequent gastric and small intestinal digestion. 91 Increased lipid digestibility after roasting has been also reported for almonds. 7 Effect of heating on starch digestibility Thermal treatment of cereals and legumes by means of moist heat (boiling, steaming, etc) results in the gelatinization of starch granules, which increases starch digestibility enormously. The same holds true for parboiling of rice. 62 Nongelatinized starch is unavailable to a-amylase and is classified as type II resistant starch. Dry heating (oven baking, microwaving) also results in substantial gelatinization of starch if there is enough moisture around the globules, but it is less effective than moist heating. For instance, the amount of resistant starch is higher in roasted potatoes than in boiled potatoes. 82 Thermal treatment also reduces the concentration of a-amylase inhibitors, which further increases starch susceptibility to hydrolysis. Additional treatment after heating can further modify starch digestibility. The case of refrigerated boiled potatoes is interesting. Refrigeration after cooking leads to starch retrogradation and a decrease in starch digestibility. The application of a dehydration step after thermal treatment may increase starch digestibility, as occurs in the production of instant rice 61 and after boiling of lentils. 74 Interestingly, thermal treatment of starch in the presence of lipids may produce amylose-lipid complexes. 92 Such complexes may be resistant to digestive amylases and are classified as type V resistant starches because they are resistant to digestion. 93 Amylose-lipid and amylopectin-lipid complexes may also occur naturally in raw starchy foods. It is still not clear whether the formation of starch-lipid complexes in common starchy products rich with lipids has any nutritional significance.
In industrial processing, combined techniques are applied, which makes it difficult to predict the effects on digestibility. One example is extrusion cooking, which combines moist heat, pressure, and mechanical shearing to produce expanded, cooked products formed into specific shapes. The moist heating combined with the mechanical shearing results not only in starch gelatinization but also in the disruption of molecular interactions between starch molecules within the granule, which further increases starch digestibility. In general, extrusion results in an increase of starch digestibility, although the changes in digestibility depend on timetemperature combinations, force or pressure applied, and moisture levels. 69 
Effect of heating on protein digestibility
Heat treatment also affects protein digestibility. Thermal treatment destabilizes the tertiary structure of proteins, resulting in denaturation. Protein denaturation increases the susceptibility of proteins to digestive proteases by exposing hidden peptide bonds to enzymes, but the exposure of hydrophobic moieties favors protein aggregation, which, on the contrary, reduces the susceptibility of proteins to digestion. 19, 94 In general, the net effect of thermal treatment depends on the type of protein (primary structure, hydrophobic moieties), the severity of the heat treatment (time, temperature), and certain food properties (eg, protein content and water activity). The exposure of proteins to heat/alkali treatments can also induce racemization of L-amino acids to D-amino acids and the formation of lysine-alanine, 19 both of which may decrease the digestibility of proteins by interfering with the cleavage site for digestive proteases.
In several foods, a significant event occurs during heating: the reaction between free amino groups of proteins and reducing sugars, known as the Maillard reaction. There are 2 reasons why the binding of protein with sugar strongly reduces protein digestibility. First, lysine and arginine residues are blocked, so trypsin cannot hydrolyze the corresponding peptide bond. Second, the sugar moiety attached to 1 protein can cross-link to another protein chain, thus promoting the formation of high-molecular-weight protein aggregates called melanoproteins. 95 Several examples of the formation of melanoproteins from caseins 96 and from gluten 97 have been reported. The effect of extensive aggregation and insolubilization of gluten proteins on calorie intake is particularly interesting. It has been reported that proteins in bread crust are less digestible than those present in bread crumb. 68 During baking, bread crust is exposed to a considerably higher temperature (> 180 C) than bread crumb, and proteins in crust undergo greater denaturation, aggregation, and cross-link. However, a decrease in gluten digestibility of wheat bread crumb compared with the corresponding flour has also been reported. 67 The protein digestibility of liquid infant formula is 13% lower than that of powdered infant formula, likely because of the higher content of Maillard reaction products, lysinoalanine, and oxidized products of sulfur amino acids in the former. 87 In the absence of reducing sugars, a significant effect of heating on protein digestibility can be observed. The true ileal digestibility of cooked and raw egg protein amounted to 90.9 6 0.8% and 51.3 6 9.8%, respectively. 98 In another study, the amount of undigested protein was calculated as more than 30% for raw eggs in healthy individuals compared with approximately 5% in cooked egg protein meals. 89 Alkaline/heat treatment had a significant negative effect on the true fecal digestibility of lactoalbumin (99% of untreated vs 73% of alkali-/heat-treated) and soy protein isolate (96% of untreated vs 68% of alkali-/heat-treated) in rats. 94 Similarly, heating of casein at 180 C for 1 hour significantly decreased the digestibility of the protein and increased the degree of protein fermentation in the large intestine. 99 However, the in vitro protein digestibility of pasteurized, ultra-high-temperature-treated, and in-can sterilized milk was not different than that of raw milk. 84 The protein digestibility of raw beef and beef cooked at 100 C for 10 and 30 minutes has also been investigated in an in vitro model of digestion. 100 After 30 minutes of gastric phase digestion, the sarcomere structure of beef cooked for 30 minutes was still intact, whereas the sarcomere structure of raw beef and beef cooked for 10 minutes was lost. The authors hypothesized that "limit peptides" were formed during the cooking of the beef that cannot be further hydrolyzed to free amino acids. Boiling bovine meat at 100 C for 3 hours resulted in protein digestibility that was slightly less than that of raw meat (94.5% vs 97.5%), but other cooking techniques, such as roasting, barbecuing, and grilling, had no effect. 90, 101 The effect of thermal processing on the digestibility of vegetal protein is further complicated by the fact that heating may also modify both the cell wall integrity and the fraction of fractured cells, resulting in an increase in the digestibility of proteins from plant-based foods consumed whole. The extrusion of seeds or legumes increases protein digestibility via the matrix-disrupting effect. 58, 78 Thermal treatment can also increase protein digestibility by inactivating naturally occurring trypsin inhibitors in, for example, legumes.
To summarize, it is possible that mild thermal treatment increases protein digestibility as a result of protein denaturation, inactivation of protease inhibitors, and modification of cell wall integrity. On the other hand, intense thermal treatment, especially of food with low moisture content, decreases protein digestibility because of protein aggregation and blockage of sites used by trypsin for hydrolysis. During drying of pasta, for instance, protein digestibility may decrease because of aggregation of denaturated proteins. 102 
CALORIE INTAKE FOR DIFFERENT DIETARY SCENARIOS
When digestibility is considered to be the energy content claimed in the Nutrition Facts, then, recalling the example of almonds and chocolate-coated cookies proposed in Table 1 , the energy content of almonds should be 460 kcal/100 g, or 25% less caloric than the value calculated on the basis of the Atwater general system. 10 This means that almonds are actually 12% less caloric than cookies. Obviously, this inaccuracy in calculating energy content can mislead consumers into buying cookies instead of the healthier and more nutritious almonds.
Considering the influence of food structure and processing on the availability of nutrients in the foods described above, the actual energy content measured may be significantly different not only in those diets in which foods of plant origin predominate, as already suggested by Merrill and Watt, 15 but also in those diets in which highly processed foods are consumed. 56 To estimate how large this effect can be, 3 diets were formulated and compared: a Western diet rich in highly processed foods, a diet based on the Mediterranean diet, and a vegan diet (Figure 2 ). These 3 diets have comparable macronutrient contents (see Table S1 in the Supporting Information online) and have been designed using foods for which data on nutrient bioavailability are already available in the literature (see Table S2 in the Supporting Information online). They differ in the amount of plant foods, especially plant foods that retain their physical integrity, in the following order: vegan diet > Mediterranean diet > Western diet. The energy content of each diet was calculated according to 3 different systems, outlined below. System 1. The Atwater extensive general factor system, adopted by the European Union, regulates the provision of food information to consumers (Regulation EU 1169/2011) 4 (thereafter referred to as "general").
System 2. The Atwater specific factor system is based on the category-specific coefficients of digestibility for macronutrients proposed by Merrill and Watt 15 (thereafter referred to as "specific"). System 3. An improved specific factor system uses foodspecific coefficients of digestibility of macronutrients published in the scientific literature. The coefficients of digestibility were obtained from ileostomy studies and in vivo intervention studies (thereafter referred to as "corrected").
The results of these calculations are reported in Figure 3 , while the details of the coefficients of digestibility, the references used, and an example of a calculation can be found in Appendices S1 and S2 in the Supporting Information online. The data clearly show an overestimation of energy content for the Mediterranean diet and an even greater overestimation for the vegan diet when the general and the specific systems are applied, compared with the energy content obtained with the corrected system. A slight underestimation of energy content obtained with the general system, but not with the specific system, when compared with the energy content obtained with the corrected system, was apparent for the Western diet.
This overestimation of the calorie content was slightly higher with the specific system than with the general system. In the case of vegan diet, the overestimation of energy content was 8.3% with the specific system and 6.9% with the general system. It was mainly attributable to the low digestibility of nuts, whole-grain pasta, bread, and legumes. In the case of the Mediterranean diet, the overestimation was 5.6% and 4.2% for the specific system and the general system, respectively, and was mainly attributable to the low digestibility of intact nuts and legumes. The greater overestimation resulting from the application of the specific system compared with the general system stems from 2 aspects of the specific system: (1) no distinction is made between dietary fiber and available carbohydrate, and (2) energy from carbohydrates is calculated by multiplying the total carbohydrates (determined by difference from the total weight, once the content of proteins, lipids, water, and ash has been determined) for the food-and nutrient-specific conversion factor. As a result, the overestimation when using the specific system is somewhat higher for high-fiber foods. 
EFFECT OF MIXED DIETS ON DIGESTIBILILTY OF MACRONUTRIENTS
In the previous section, a so-called additive model was used to calculate the caloric content of mixed diets, ie, it was assumed that the caloric content of the entire diet is the sum of the caloric content of each meal component. This calculation does not consider that digestibility may decrease with the total amount of ingested macronutrients. This was shown for dietary proteins, for instance, in ileostomy patients. 103 In addition, the bioavailability of dietary macronutrients may be limited by the simultaneous presence in the bolus/chyme of dietary components provided by other foods in a mixed meal. These dietary components may interfere with the digestion of macromolecules in the same way as described in Figure 1 , panel C. For example, the digestibility of meat or fish proteins may be reduced by the presence of polyphenols, tannins, or dietary fiber from a side vegetable dish. The addition of 1 g of tea polyphenols (in the form of catechin) per day to a mouse's diet increases the amount of fecal energy from 1.6% to 5.8%, mainly because of the loss of carbohydrates in the feces. 104 The inclusion of dietary fiber also reduces the apparent digestibility of food macronutrients, reduces the metabolizable energy of food, and increases the energy content of feces. [105] [106] [107] A recent study has compared the ileal excretion of energy from high-fiber rye-based meals and low-fiber wheat-based meals in ileostomy patients. Not surprisingly, around 10% of the gross energy content of the low-fiber meal was not digested and was excreted in the ileal fluid. As a result, this value jumps to more than 15% of the gross energy in the high-fiber meal. As much as 15% to 20% of the protein content of the meal was excreted, this percentage being higher in fiber-rich diets. 108 It is noteworthy that the extra dietary fiber was provided in the form of wholegrain crisp bread, so that the difference in metabolizable energy between the 2 diets could not be explained by the effect of encapsulation within intact structures but rather by the interaction between dietary fiber and other components of the meal. These examples show that the calculation of the true caloric content of a mixed meal should include factors for interactions between individual nutrients from different food items in the meal and that an interaction model should be used Figure 3 Energy content of the 3 diets as calculated by the 3 energy calculation systems, showing the overestimation that occurs with the general and specific systems compared with the corrected system. when calculating the caloric content of mixed diets. Considering that vegan and Mediterranean diets contain much more dietary fiber than the Western diet, it can be assumed that the differences in actual calorie intake are even greater than those calculated in Figure 3 .
CONCLUSION
This review has highlighted the importance of considering the digestibility of macronutrients to calculate the energy content of foods and diets. The idea that all proteins, lipids, and carbohydrates present in food can be converted into calories in the human body is obviously misleading and has already been addressed by Atwater and other scholars over the last century during the development of suitable systems to calculate the energy content of food. However, recent studies in food science have highlighted the major role of the food matrix and processing conditions, especially heating conditions, in affecting the availability of macronutrients. In many foods, especially intact nuts, legumes, and cereals, the actual calorie intake is significantly different than that calculated using the procedures reported in the official regulations. Moreover, the composition and the structural differences of foods, even within the same category, can produce significant differences in the digestibility and, thus, the energy content. Here, it was shown that food-specific digestibility factors may generate substantial differences between the actual energy content of foods and that calculated with the Atwater extended and specific systems. This difference is relevant both at the level of single foods and at the level of diets. At the level of single foods, a more accurate estimation of the energy content of marketed foods can address the consumers' choices toward healthier food items (eg, whole foods) and can even open up possibilities for health claims to be incorporated in nutritional facts. When considering the whole diet, this discrepancy can be of marginal relevance in the frame of a varied diet (ie, Mediterranean diet), but it becomes particularly important for individuals who follow a strict dietary regimen. A diet with a very high intake of dietary fiber and whole grains or seeds, ie, plantbased foods, which retain most of their natural, intact physical integrity, provides a calorie intake significantly lower than that reported in the Nutrition Facts. This should also be considered during the development of healthy foods for the management and prevention of overweight and obesity.
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